Future stability challenges for the UK network with high wind penetration levels by Xia, Jun et al.
Strathprints Institutional Repository
Xia, Jun and Dysko, Adam and O'Reilly, John (2014) Future stability 
challenges for the UK network with high wind penetration levels. IET 
Generation, Transmission and Distribution. ISSN 1751-8687 (In Press) , 
This version is available at http://strathprints.strath.ac.uk/50875/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any  correspondence  concerning  this  service  should  be  sent  to  Strathprints  administrator: 
strathprints@strath.ac.uk
1 
 
Future stability challenges for the UK network 
with high wind penetration levels  
 
Jun Xia*, Adam DyĞko ?-RKQ2¶5HLOO\` 
*University of Strathclyde, UK. Email: j.xia@strath.ac.uk 
 ^University of Strathclyde, UK. Email: a.dysko@strath.ac.uk 
`University of Glasgow, UK. Email: john.oreilly@glasgow.ac.uk 
 
Keywords: power system transmission, system dynamic modeling, wind turbines 
 
Abstract 
Offshore wind plant such as variable speed wind turbines (DFIG) will play an 
increasingly important role in future decades if ever-stringent requirements of energy 
security and low carbon emissions are to be met. Although some analysis of the 
impact of DFIG on system stability has previously been reported, none of it is based 
on a large network representing a real system, or the large network is simply not 
publicly available. This paper describes one such suitable equivalent dynamic 
network for stability studies based on the whole UK transmission system. The 
methodology for appropriate control system design and adjustment of the parameters 
under different dispatch conditions is presented. The network model is subsequently 
updated according to various National Grid future energy scenarios where DFIG 
models are appropriately added and distributed. Two important aspects contributing to 
future system stability are studied in detail, namely maximum value of the rate of 
change of frequency and transient stability. A number of detailed cases studies under 
varying wind penetration levels are presented which quantify the impact of key 
influencing factors such as the size of the largest generating unit for n-1 contingency, 
amount of primary system response, frequency dependency of load, and others. The 
study concludes that none of the individual factors can provide a complete solution 
and that careful cost benefit analysis is needed to determine the proper mix of services 
and reinforcements needed in the future. 
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1. Introduction 
Energy security, diversity of electricity supply and low carbon emissions have been 
major drivers in recent large scale wind energy developments around the world. Off 
shore wind plant in particular such as variable speed wind turbines (DFIG) will 
provide an increasing proportion of electricity in countries such as the UK. This 
replacement of conventional thermal plant with high inertia constants with low inertia 
wind turbines poses a number of stability challenges. One major challenge is the 
alleviation of network frequency disturbances. According to the UK grid code, all 
registered generators should provide frequency response capability to mitigate 
frequency disturbances [1]. However, due to the fact that these network supporting 
requirements are only applicable to transmission connected large synchronous 
generators, the smaller non-synchronous generators provide very limited contribution 
to system stability. This issue has been highlighted in the recently released System 
Operability Framework document by National Grid [2]. Since the mechanical dynamic 
performance of DFIG (and other inverter connected DG) is decoupled from the main 
grid, higher penetration levels of such generating plant in the system is likely to cause 
the system frequency performance to worsen [3].     
 Of the various techniques used for identifying potential loss of mains connection or 
islanding condition [4], most countries, including UK, Austria, Belgium and Italy, 
adopt rate of change of frequency (ROCOF) as their main strategy. However, high 
ROCOF values can also temporarily occur over the entire network in the event of loss 
of large infeed (generation or import) or demand (export) leading to relay tripping [5]. 
In these circumstances, a large number of electricity consumers can lose their 
electricity supply as happened once in the UK on 27th May 2008 when 546MW of 
demand had to be shed to preserve system stability. According to [5], two main actions 
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can be taken to prevent spurious loss of generation due to ROCOF. The first possibility 
is to increase the recommended ROCOF setting (or disabling the relay altogether), and 
the second action entails limiting the rate of change of frequency by ensuring either 
sufficient primary frequency response through the use of additional synchronous 
generators or Synthetic Inertia response through new control technologies applied in 
the non-synchronous generators (DFIG or inverter connected power plants). 
Among other previous work in the area, [6] analyses the dynamic contribution of 
DFIG-based wind farms to system frequency response in detail. In [7], the 
methodologies used to extract kinetic energy with their impact on the system dynamic 
frequency performance are introduced.   
A second major challenge is system transient stability where large numbers of 
traditional coal plants at the centre of the network will be decommissioned and 
replaced by wind farms. Although the large offshore wind farms can provide local 
reactive power support through HVDC connection, this reactive power support is only 
available at the point of connection. Low MVAr capability of onshore DFIG also 
results in lack of reactive power control capability in the future. This lack of reactive 
power support leads to transient stability issues as assessed by system critical fault 
clearance time (CFCT). Dynamic oscillatory performance with different kinds of wind 
turbines integrated into the system is presented in [8]. The limitations of the voltage 
capability of wind turbines at different penetration levels are discussed in [9]. The 
work of [10] investigates the impact of large wind power generation on both the steady 
state and transient voltage stability. Electromechanical oscillation performance is 
discussed in [11]. Also, the steeper drop of frequency due to smaller wind turbine 
inertia is reported.  In [12], the impact of increased penetration of DFIG is analysed by 
small signal and transient stability study. However, only a limited number of studies 
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from these papers analyse the network frequency response with high penetration levels 
of wind. Furthermore, research studies based on large-scale real test systems involve 
complex proprietary network modelling not publically available. 
In needs to be emphasised here that in order to have high level of confidence in the 
frequency performance investigation, it is crucial to employ a validated dynamic 
model of the system [2]. The model should be validated for both steady state and 
dynamic studies before any future scenarios can be considered and assessed. Hence, 
the main contributions of the present paper are threefold. Firstly, an equivalent 
dynamic model of the whole UK transmission system for stability studies is 
established and subsequently extended to represent future system scenarios with high 
penetration of wind farms. A systematic methodology is proposed and demonstrated 
using UK system data.  Secondly, rate of change of frequency (ROCOF) in the case of 
high wind farm penetration is analysed, including the detailed evaluation of three 
influencing factors: amount of maximum generation loss in a single event, fast 
frequency response reserve, and frequency dependent demand. Thirdly, the issues 
related to system transient stability are explored in detail. 
The paper is organized as follows. In Section II, the UK dynamic equivalent model 
is established based on the current National Grid statement and other publically 
available data. The methodology for changing the parameters under different dispatch 
conditions is introduced for the purpose of network validation and updating. Section III 
examines future system structures including transmission line reinforcements, power 
plant demand changes and wind farms development plans. One representative future 
UK transmission system is modelled. Section IV analyses system frequency 
performance under different demand and wind power distribution conditions. Section 
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V studies transient stability by way of assessing system critical fault clearance time. 
Conclusions are presented in Section VI. 
2. Dynamic Equivalent UK System Model 
For correct understanding of the future system frequency performance, a reliable 
reduced order dynamic model is needed.  The proposed 21-bus equivalent transmission 
network model superimposed on the UK map is presented in Figure 1. The following 
sections describe the process of developing, validation and extension of the model to 
represent future generation scenarios. 
 
Figure 1.  Equivalent 21-bus UK Transmission System Model 
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2.1   Power flow parameters 
The equivalent UK model has been introduced in previous work [13]. The model 
contains 21 buses located in 17 study zones based on critical boundaries defined by the 
UK National Grid in their annual report (ETSY) where the generation and demand 
profiles for each study zone can be found. The calculation of the transmission line 
impedances is achieved by solving the line parameters R, XL and XC between two 
nodes from the known values of voltage magnitudes and angles at each end of the line 
(Vs, Vr and șs, șr)  that accompany their sending end and receiving end power (P and Q) 
[13]. 
2.2   Method for adjusting system parameters to cater for different 
operating conditions 
In order to test the system performance on both historical days and future predicted 
scenarios, a method is needed to efficiently adjust the system profile (originally based 
on Winter Peak Demand) so that the model can be used for studies under different 
operating conditions. The procedure can be described as follows: 
1. 7KHKLVWRULFDOGHPDQGGDWDZLWKHDFKKDOIKRXURI WKHGD\ LV UHFRUGHGRQ³1HZ
Electricity Trading Arrangements, Balancing Mechanism Reporting System 
(BMRS)´ [14]. Thus, demand of the specific day and time (Historical Demand) is 
used to scale down all existing loads in the model with one common ratio: 
Historical Demand/Winter peak Demand.  
2. In April 2010, Britain issued D QHZ µGHWHUPLQLVWLF¶ VWDQGDUG ZKLFK LQYLWHG
industrial consultation [15]. The standard proposes that cost-benefit analysis 
should be used in network investment and dispatching. According to this approach, 
large coal and CCGT plants are dispatched according to the Dark and Spark 
Spread as shown in Figure 2 7KH µSpark SSUHDG¶ LV WKHGLIIHUHQFH EHWZHHQ WKH
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cost for CCGT to generate 1MWh energy and the price for which that energy can 
EHVROG7KHµDark SSUHDG¶LVXVHGIRUcoal plant in the same way [16]).  
3. The historical generation data, also provided in [14], is used to dispatch generators 
in each zone: when the Spark Spread is greater than Dark Spread, the CCGT plant 
in each zone will be dispatched before coal plant. The opposite is the case when 
Dark Spread is greater than Spark Spread. The nuclear power plants are 
dispatched at all times except when there are particular issues on that day. 
4. The principles outlined in the above points 2 and 3 are used in the model to split 
the total amount of generation between coal, CCGT and nuclear technology in 
each study zone. 
 
Figure 2.  Spark and Dark spread [15] 
2.3   Dynamic data 
7KHG\QDPLFPRGHORIWKHV\VWHPLVEXLOWXVLQJWKHORDGIORZQHWZRUNPRGHODQG
OLEUDU\ FRPSRQHQWV SURYLGHG E\ 366( VRIWZDUH >@ LQZKLFK DOO JHQHUDWRUV DUH RI
URXQG-URWRUW\SHZLWKW\SLFDOSDUDPHWHUVEDVHGRQ>-@7KHGDWDLQFOXGHVWUDQVLHQW
DQGVXE-WUDQVLHQWWLPHFRQVWDQWVUHDFWDQFHDQGDJJUHJDWHGLQHUWLDFRQVWDQWV 
,Q8.IRUD UHJLVWHUHGFDSDFLW\RI0:WKHJHQHUDWRU LV WRSURYLGHDSULPDU\
UHVSRQVH RI  RI LWV FDSDFLW\ LQ  VHFRQGV 7R LPSOHPHQW WKLV SULQFLSOH LQ
VLPXODWLRQ VWXGLHV LQ HDFK VWXG\ ]RQH WKH JHQHUDWRUV DUH VHSDUDWHG LQWR WZR JURXSV
8 
 
7KHILUVWJURXSRIJHQHUDWRUVDPRXQWLQJWRRIWRWDOFDSDFLW\LVQRWHTXLSSHGZLWK
DQ\WXUELQHJRYHUQRULHQRWXUELQHUHVSRQVHIROORZLQJDGLVWXUEDQFHDQGWKHVHFRQG
JURXS DPRXQWLQJ WR RI WRWDO FDSDFLW\ZLWK WKH VWHDP WXUELQHPRGHO 7*29
EDVHGRQWKH,(((6WDQGDUG>@ 
The General Electric (GE) WT3 DFIG model is used. The current model version 
does not have the capability to provide inertia response during network disturbance. 
The reactive power capability varies from 0.9pf under-excited to 0.95pf over-excited. 
More detailed description of this model can be found in [21-22]. The detailed 
parameters are included in the Appendix. 
2.4   Control system design 
To have a similar dynamic performance of the established model compared to the 
actual system, control systems such as automatic voltage regulator (AVR) and power 
system stabilisers (PSS) must be tuned. It was assumed that AVRs are attached to all 
generators. However, it is also known that the AVR action may reduce the damping 
performance of the system [23].  Indeed, it is pointed out in the UK Ten Year 
Statement [3@ WKDW ³VHYHUDO power system stabilisers should be installed between 
generators in England and Wales and Scotland for the purpose of oscillation 
VWDELOL]DWLRQ´The small signal analysis reveals the presence of one unstable as well as 
two lightly damped interarea modes. Their corresponding eigenvectors and 
participation factors indicate that generators G1, G2, G4, G5, G6, G7, G8, G12, G17, G18 
(attached to corresponding nodes in Figure 1) have the dominant effects on the 
interarea modes. 
Hence, the STAB1 model in PSS/E [17] was used to represent the PSS with an 
auxiliary signal fed to the voltage input of the AVR on the designated generator. The 
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auxiliary signal can be the generator power, frequency or generator speed. The typical 
transfer function of the PSS is [24]: ܲܵܵሺݏሻ ൌ ܭ௦ ்ೈଵା்ೢ ௦ ଵା భ்௦ଵା మ்௦ ଵା య்௦ଵା ర்௦                      (1) 
The step-by-step multimachine Nyquist-Bode PSS design methodology of [25] was 
applied. Finally, eight generators (G1, G2 and G5 in Scotland; G7, G8, G12, G17 and G18 
in England & Wales) were chosen as the most effective locations to be equipped with 
PSS. 
2.5   Validation of the model 
The transient performance of the equivalent model was validated by comparing the 
frequency response with the real data recorded by PMUs during the known system 
events. The results (reported in [13]) indicate that there is good correspondence 
between the recorded and simulated response. This includes major interarea 
oscillations as well as system load flow conditions at pre-fault and post-fault period.  
3. Modelling Future Scenarios in UK Power System  
In order to investigate the future system frequency performance, the reduced model 
needs to be updated to reflect the probable future generation scenarios and penetration 
levels. 
Although information relating to future operating framework can be accessed from 
the National Grid documents, these plans can change when new policies are 
considered or new circumstances develop. Therefore, the model and the associated 
systematic methodology presented here aim to provide the required flexibility in 
changing the operating conditions based on different future frameworks. In this paper, 
WKHV\VWHP¶VSDUDPHWHUVDUHDGMXVWHGDFFRUGLQJWRWKHPRVWUHFHQWO\UHOHDVHGGRFXPHQW
Electricity Ten Year Statement (ETYS) and Offshore Development Information [26]. 
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3.1   Future energy scenarios of onshore and offshore wind plant 
The existing 17 zones are still retained. Each represented by one or two nodes 
depending on the major power transfers to adjacent zones and network density in each 
zone. 
One useful source of information in the context of future system performance study 
is the Future Scenarios Consultation which outlines a few alternative directions of 
system development based on the comments received from industrial participants [26]. 
These scenarios have been termed as: Slow Progression (SG), Gone Green (GG) and 
Accelerated Growth (AG). The scenarios are significantly different from one another 
starting from 25GW of installed offshore capacity in SG to 57GW in AG by 2030; 
each scenario has appropriate generation capacity to meet the requirement of Security 
of Supply and the existing nuclear power stations are assumed to extend their lives in 
all scenarios with different durations. In this paper, the GG scenario has been selected 
for future system performance studies which is also the main scenario analysed by 
National Grid due to particularly high penetration of renewables and resulting low 
inertia of the system.  
Thus, additional 8 onshore wind plants are added into zones 1, 2, 3, 4, 5, 6, 9 and 13. 
In this study the DFIG model is used to represent wind farms in all study zones. The 
offshore wind is represented as negative load and the influence of the fully rated 
converter connection (HVDC) is neglected in this case. 
3.2   Transmission line reinforcements 
Due to the high penetration levels of wind in Scotland, the power transfer across 
several boundaries may need reinforcements. Based on the ETYS, following several 
reinforcements are made: 
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1. Seven transmission lines are rebuilt connecting study zones 1, 2, 4, 5, 6, 7 and 8. 
The updated transmission line data (marked in orange in Figure 1) reflect these 
changes by including the information provided by (7<6 ³7UDQVPLVVLRQ FLUFXLW
FKDQJHWR´.   
2. All transmission lines previously assumed as single circuits in [13] have been 
replaced with double-circuits. 
3. Two new HVDC links are added to the system: 2GW Eastern HVDC link from 
Peterhead to England and 2.4GW Western HVDC link from Deeside to Hunterston. 
The VSCDCT model in PSS/E was used to implement these lines. 
3.3   Generation and demand update for 2020 
Demand is defined as transmission peak demand including losses which is 56GW in 
2012 and is anticipated to increase to 57.7GW in 2020. 
Generation is assumed to meet CO2 emission requirements for all targets by the 
year 2020, 2030 and 2050 in GG scenario: wind reaches 25GW which needs an 
increase of 18 GW to 2020; coal plant decreases by 7GW from existing 25GW to 
18GW in 2020; 3GW increase in Gas/CHP capacity and 5GW nuclear capacity 
increases by the year 2020.  
4. Rate of change of frequency  
The case studies presented in this section are based on the GG scenario tuned to the 
summer minimum demand situation which is of major concern. Two different 
distributions of wind energy resources are considered:  
a) wind energy is distributed evenly throughout the UK (equal distribution denoted 
as ED) and;  
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b) uneven distribution with 10% wind energy in the North and 70% in the South 
(NS) according to the ETSY [3]. 
The following sections investigate the impact of three influencing factors on the rate 
of change of frequency in the system: amount of lost generation, amount of primary 
frequency response, and frequency dependency of load. 
4.1 Different amount of generation loss 
During the summer minimum demand, the system total inertia is lower than during 
the winter peak which results in higher rates of change of frequency. According to the 
ETSY, the minimum demand in the year 2020 is estimated as 23000MW. The constant 
load is assumed for the purpose of investigating the worst case (highest ROCOF) at 
first. Two different amounts of generation loss are considered (1000MW and 1800MW) 
which represent the current and future largest single generator size. The loss of 
generation is applied in two different places: in the middle of UK (nodes N8 and N9 as 
indicated in Figure 1), and in the south of UK (nodes N12, N14 and N15 in Figure 1). 
The ROCOF is calculated as a three cycle average based on the simulation data for the 
purpose of testing whether there is a risk of the protection relays to be tripped during 
loss of generations. The test results under varying wind penetration levels are 
presented in Tables 1 and 2.  
Table 1. System ROCOF during loss of 1000MW generation 
 
Wind penetration level 
 
 10% 20% 30% 40% 50% 60% 70% 
ED middle -0.357 -0.394 -0.427 -0.476 -0.545 -0.636 -0.731 
NS middle -0.395 -0.423 -0.465 -0.506 -0.565 -0.653 -0.749 
ED south -0.450 -0.482 -0.537 -0.580 -0.627 -0.651 -0.756 
NS south -0.388 -0.422 -0.460 -0.501 -0.564 -0.636 -0.728 
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  Table 2. System ROCOF during loss of 1800MW generation 
 
Under the 1000MW loss of generation, all ROCOF values are within the new G59 
recommended setting limits of 1Hzs-1. In this case there is no risk of further loss of 
generation due to spurious LOM protection tripping during the disturbance. However, 
the situation is much worse if 1800MW generation loss is assumed. 
For the disturbance applied near the middle part of the network, the higher ROCOF 
can be found in the north and central part in both ED and NS distribution conditions. 
Under ED condition, the highest ROCOF occurs at bus 19 (-1.469 Hzs-1) while under 
NS condition, it reaches (-1.539 Hzs-1). All these values exceed the new proposed 
settings of 1Hzs-1. From the results it can also be inferred that the ROCOF threshold of 
1Hzs-1 is reached when at wind penetration level of approximately 50%. Additionally, 
it should be noted that the ROCOF values are relatively smaller under ED condition 
than that under NS condition in this case. Although the DFIG is partially decoupled 
from the grid, it is not completely inertia-less if the wind turbine real power (P) is 
regulated according to [6]. The decrease of the ߱௦ is compensated by the ݅௤௥ which 
may lead to an increase in electric torque ௘ܶ. Thus, the onshore DFIG may still provide 
small amount of inertia support to the grid during disturbances.  
The results are somewhat different when the disturbance occurs in the south. In this 
case the system ROCOF exceeds 1Hzs-1 if when the wind penetration level of 
approximately 40% is reached.  
Wind penetration level 
 
 10% 20% 30% 40% 50% 60% 70% 
ED middle -0.634 -0.705 -0.776 -0.879 -1.017 -1.231 -1.469 
NS middle -0.670 -0.714 -0.809 -0.910 -1.026 -1.256 -1.539 
ED south -0.793 -0.854 -0.941 -1.032 -1.172 -1.375 -1.566 
NS south -0.743 -0.781 -0.930 -1.028 -1.105 -1.314 -1.438 
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To further investigate the influence of the amount of generation loss on the ROCOF, 
the amount of generation loss was increased gradually from 1000MW while the wind 
penetration level was fixed to 70%. In this case it was found that the ROCOF reaches 
1Hzs-1 when the generation loss is 1335MW and 1370MW for ED and NS conditions 
respectively.  
The above results clearly highlight that additional actions are needed in order to 
maintain system integrity under future generation scenarios. One option is to further 
increase the ROCOF protection setting or introduce additional time delays to avoid 
spurious tripping in response to momentary high ROCOF value. However, by doing so, 
the non-detection zone of the anti-islanding protection will be increased which can 
cause undesirable hazards in the network.  
4.2 Different amount of primary frequency response 
The above case shows the potential risk that high ROCOF (higher than 1Hzs-1) may 
occur when the largest loss of generation limit increases to 1800MW. This section 
explores if the provision of additional primary frequency response can somewhat help 
this situation (perhaps provided by non-synchronous generators as a special service in 
the future [2]). Therefore, in the UK model the amount of primary frequency response 
(PFR) was increased from 10% to 20% in order to verify if this may help to reduce the 
ROCOF. The loss of generation is assumed to have occurred in the middle part. The 
results are shown in Table 3 and illustrated in Figure 3. 
It can be seen that the ROCOF has been reduced with the additional 10% primary 
frequency response. For both AD and NS distribution conditions, the highest ROCOF 
is contained within 1Hzs-1 even with wind penetration level reaching 50%.  
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Table 3. ROCOF of system during loss of 1800MW generation:  
 10%(PFR) vs 20%(PFR) 
PFR 10% vs 20%  (10% Penetration) 
10% vs 20%  
(30% Penetration) 
10% vs 20%  
(50% Penetration) 
10% vs 20%  
(70% Penetration) 
ED -0.635 -0.592 -0.776 -0.745 -1.028 -0.955 -1.470 -1.305 
NS -0.671 -0.645 -0.809 -0.776 -1.027 -0.963 -1.539 -1.378 
 
Figure 3.  System ROCOF during loss of 1800MW generation at changing PFR 
However, it is evident that even at 20% PFR the improvement is not significant and 
the ROCOF values are still higher than 1Hzs-1 if wind penetration level increases 
above 50%. Therefore, in the future it may be necessary to seek additional transient 
active power support during the loss of generation using other techniques capable of 
providing near instantaneous response such as synthetic inertia or wind turbine de-
loading [2, 7].  
4.3 Load response to frequency deviation 
In this section frequency dependency of loads is investigated. It is assumed that 1% 
frequency deviation results in 1%-4% active power demand variation (APD) [27]. The 
tests are based on ED wind distributed condition. The disturbances are applied in the 
middle section of the network. The highest ROCOF values for increasing wind 
penetration level are presented in Table 4. 
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Table 4. System ROCOF during loss of 1800MW generation under varying APD 
ED Constant 1%APD 2%APD 3%APD 4%APD 
10% -0.634 -0.628 -0.623 -0.617 -0.611 
30% -0.776 -0.767 -0.758 -0.750 -0.741 
50% -1.017 -1.010 -0.995 -0.981 -0.967 
70% -1.469 -1.441 -1.418 -1.394 -1.372 
Results indicate that the frequency dependent load has a definite ability to reduce 
the ROCOF even though the improvement does not appear dramatic. Therefore, the 
amount of change in active power demand corresponding to 1% frequency deviation 
was further increased to 20% in order to determine whether more significant reduction 
of ROCOF is achievable. It is envisaged that higher values of APD may be 
implemented in the future using, for example, fast demand shedding [2, 28].    
 
Figure 4.  ROCOF at increasing frequency dependency of demand (70% wind 
penetration) 
It can be seen from Figure 4, the relation between the amount of active power 
demand response and ROCOF is generally not linear. The improvement is more 
significant within the first 6% and gradually reduces as the demand response is 
increased. Nonetheless, the highest ROCOF under 70% wind penetration is still higher 
than 1Hzs-1 which indicates that frequency dependent demand response alone cannot 
provide a complete solution to the issue of high ROCOF.  
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5. Transient stability 
5.1 Voltage recovery 
The reactive power performance of the PSS/E WT3 model during the dynamic 
frequency response is first tested. The test is based on 60% wind power penetration 
evenly distributed (ED) during the winter peak operating condition. The system critical 
fault clearance time (CFCT) is used for assessing the system transient stability. A three 
phase to ground line fault on line 6-7 is added at 1s, the fault is cleared by tripping a 
faulted transmission line (i.e. one of the two parallel circuits). The value of CFCT 
80ms as defined in NGET [1] is used. The test results presented in Figure 5 indicate 
that with the help of voltage control feedback loop, it is possible to maintain the 
system stability after the fault is cleared while the bus voltage collapse without this 
control loop activated. 
 
Figure 5.  Bus 6 Voltage with DFIG voltage control on/off under 80ms Fault 
For the purpose of testing how the system stability is affected by the wind farm 
under different penetration levels, two three-phase ground faults are applied at 
transmission line between buses 6 and 7 (the west connection between Scotland and 
England) and between buses 8 and 10 (transfer of the largest power flow in the system). 
The wind penetration is varied from 0% to 70%. The reactive power controls are 
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available for all the DFIGs in the system. These tests are based on the winter peak 
condition. The system critical fault clearance times are shown in Table 5. 
Table 5. Critical fault clearance time at three phase to ground fault with penetration 
from 0%-70% based on winter peak condition 
 
From Table 5, it can be seen that the system critical fault clearance times are 
decreasing with the increasing penetration levels of wind except in the NS cases with 
fault on the line 8-10 where the increase of the CFCT can be initially observed. 
Changing distribution of wind generation alters the power flow pattern in the UK 
system which historically has always been unidirectional, i.e. from the north to the 
south. Although the ability of DFIG to support voltage is limited by the MVAr export 
capability during transient period which may reduce the transient stability of the 
system, the reduced power flow also reduces the effect of the fault which increases the 
CFCT. Due to this reason, the general system transient stability performance is much 
better in the case where wind farms are distributed 10% in North and 70% in South 
(NS) than that in the evenly distributed condition (ED). Moreover, it should be noted 
that some simulated CFCTs are shorter than 80ms (which is the shortest fault clearance 
Wind 
Distribution 
Penetration 
Level 
Fault 6-7 
[ms] 
Power Flow 
[MW] 
Fault 8-10 
[ms] 
Power Flow 
[MW] 
ED 
0% 367 214.4 176 2491.0 
10% 350 342.8 168 2611.6 
20% 328 728.0 156 2732.4 
30% 301 983.8 137 2841.2 
40% 252 1237.6 110 2944.8 
50% 188 1488.9 75 3041.4 
60% 130 1736.7 48 3129.7 
70% 58 1981.6 28 3211.2 
NS 
0% 367 214.4 176 2491.0 
10% 360 260.7 205 2372 
20% 356 311.6 216 2227 
30% 350 362.3 224 2083.9 
40% 340 412.3 312 1936.5 
50% 322 463.2 266 1790.0 
60% 298 513.8 212 1647.3 
70% 246 563.5 142 1497.9 
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time used in the UK Grid Code) under ED conditions when the wind penetration level 
is above 50%. Thus, solutions should be worked out to address this issue such as the 
investment in reactive power compensation devices in the centre of the network where 
large numbers of coal plants will be decommissioned in the future. To verify this 
solution 5 static var compensators (SVC) have been added to the central part of the 
equivalent model (nodes 5, 6, 7, 8 and 9) with 300MVAr rating each. For example, for 
a fault on line 6-7 with ED 70% condition the result shows that with the help of the 
added SVCs, the system can remain stable and the voltage is able to recover back to its 
pre-fault value. The CFCT is increased to 84ms in this case which satisfies the 
minimum 80ms requirement.    
5.2 Double circuit trip of the western Scottish-English interconnector  
In order to test the effectiveness of the two new HVDC connections between 
Scotland and England in enhancing the transmission capability of the network, a 
simulation study was performed where the fault described in section 5.1 is cleared after 
80ms by tripping both circuits connecting Strathaven and Harker (buses 6 and 7) 
which represents the loss of western interconnector between Scotland and England.  
From Figure 6 it can be seen that under ED conditions the system loses 
synchronism at 50% penetration level without HVDC connection added to the network 
and this is improved to 60% when two HVDC links are introduced. However, with NS 
distribution condition, the system can withstand this disturbance under all simulated 
penetration cases. Similarly to Case 5.1, the effect of different wind distribution 
scenarios (ED and NS) is clearly demonstrated which leads to the change of power 
flow throughout the UK. In NS scenario the pressure of power transfer from Scotland 
to England is considerably reduced compared to that of ED scenario which improves 
overall transient stability of the system. Furthermore, the system damping performance 
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is improved with the increasing levels of the wind integration. Although the DFIG is 
decoupled from the network, it is still equipped with an excitation control system 
which can provide fast voltage regulation. Therefore, introducing the DFIG into the 
system can improve system damping performance. At the same time it is known that 
transient stability margin is reduced [25].  
 
Figure 6.  Loss of Scottish-England interconnetor  
5.3 Extreme high wind penetration case  
In this case the penetration level of wind is continually increased to investigate 
whether it is possible to replace almost all the conventional generators by wind 
turbines in order to achieve stable operation under 100% wind penetration conditions 
during summer minimum. The result shows that the system can operate in a stable 
manner with wind penetration up to 93%. Above 93% penetration level, the system 
will loss synchronism. The reason for that is possibly because the total amount of 
conventional synchronous generators are not enough to synchronous the whole 
network frequency. In order to ensure the system frequency can be maintained at 50Hz, 
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additional 90MW synchronous generators support (an increase from 2010MW into 
2100MW) is needed. Therefore, it is necessary and important for the system operators 
to assess the total amount of synchronous generators that must be available on the 
specific day in the future especially during the high wind conditions. 
6. Conclusion 
7KHNH\FRQWULEXWLRQVDQGILQGLQJVRIWKLVSDSHUDUHDVIROORZV 
)LUVWDQHTXLYDOHQW8.WUDQVPLVVLRQQHWZRUNEDVHGRQ1DWLRQDO*ULGDQQXDOUHSRUWV
LVHVWDEOLVKHGIRUVWDELOLW\VWXGLHVDQGVXFFHVVIXOO\H[WHQGHGWRUHSUHVHQWDIXWXUH8.
WUDQVPLVVLRQ V\VWHPZLWK KLJK SHQHWUDWLRQ RIZLQG )RU WKHSXUSRVH RI LQYHVWLJDWLQJ
IXWXUHV\VWHPSHUIRUPDQFHWKHSURSRVHGDPHQGHGQHWZRUNLVEDVHGPDLQO\RQWKHVR
FDOOHG*RQH*UHHQVFHQDULRSURSRVHGLQ>@ 
6HFRQGFRQFHUQLQJIXWXUHULVNVWKHV\VWHPUDWHRIFKDQJHRIIUHTXHQF\52&2)
VHWWLQJ LV RQH RI WKH PRVW LPSRUWDQW LVVXHV WR EH UHVROYHG ,Q DOO VWXGLHG FDVHV WKH
52&2) GXULQJ ORVV RI 0: JHQHUDWLRQ LV DERYH +] Ɛିϭ ZKHQ WKH ZLQG
SHQHWUDWLRQ OHYHO H[FHHGV  :LWK DGGLWLRQDO SULPDU\ IUHTXHQF\ UHVSRQVH RU
IUHTXHQF\ GHSHQGHQF\ RI ORDG LW LV SRVVLEOH WR UHGXFH WKH 52&2) +RZHYHU WKH
V\VWHP VWLOO IDFHV WKH ULVN RI KLJK52&2) YDOXHV H[FHHGLQJ +]V- ZKHQ WKHZLQG
SHQHWUDWLRQ OHYHO UHDFKHG  7KH UHVXOWV FOHDUO\ LQGLFDWH WKDW QRQH RI FRQVLGHUHG
VROXWLRQVDORQHFDQIXOO\DGGUHVVWKHSUREOHPRIKLJK52&2)LQWKHIXWXUH'HWDLOHG
FRVWEHQHILWDQDO\VLV LVQHHGHGWRGHWHUPLQHWKHEHVWFRXUVHRIDFWLRQ LHZKHWKHUWR
LQFUHDVH WKH 52&2) VHWWLQJ IXUWKHU LQWURGXFH LQHUWLD VXSSRUW IURP WKH '),*
LQWURGXFHIUHTXHQF\GHSHQGHQWGHPDQGRUPRVWOLNHO\WRXWLOLVHDFRPELQDWLRQRIDOO
LQIOXHQFLQJIDFWRUV 
22 
 
7KLUGLWLVGHPRQVWUDWHGWKDWWKHV\VWHPLVDEOHWRUHPDLQVWDEOHZLWKVXGGHQORVVRI
ZHVWHUQFRQQHFWLRQVIURP6FRWODQGWR(QJODQGLQPRVWFDVHVH[FHSWIRU WKHDQG
 HTXDO GLVWULEXWLRQZLQG FRQGLWLRQV $OVR LW LV FRQFOXGHG WKDW WKH1RUWK 6RXWK
ZLQG GLVWULEXWLRQ FRQGLWLRQ KDV EHWWHU WUDQVLHQW VWDELOLW\ WKDQ WKH HTXDO GLVWULEXWLRQ
ZLQG FRQGLWLRQ VLQFH WKH SRZHU IORZ SUHVVXUHV DFURVV HDFK ERXQGDU\ DUH UHODWLYHO\
VPDOO6WLOOZLWK WKHFDVHRI DQHWZRUNZLWK LQFUHDVLQJO\KLJKZLQGSHQHWUDWLRQ LW LV
VKRZQ WKH V\VWHP WUDQVLHQW VWDELOLW\ ZLOO VLJQLILFDQWO\ GHFUHDVH GXH WR WKH OLPLWHG
UHDFWLYH SRZHU FDSDELOLW\ RI ',)* ,Q VRPH FDVHV WKH QHWZRUN &)&7 LV OHVV WKDQ
PV)XWXUHLQVWDELOLW\RIWKHQHWZRUNWRWKHSRLQWRIORVVRIV\QFKURQLVPLVSRVVLEOH
HYHQGXULQJQRUPDORSHUDWLQJFRQGLWLRQVLIQRDFWLRQLVWDNHQ 
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 Appendix 
GE WT3 DFIG Model Parameter 
 
 
ܺ௘௤ 0.8 ௉ܶ 0.05 ܭ௣௟௟ 30 ܨ௡ 1 ܭ௜௣௟௟ 0 ߱ ௠ܲ௜௡ 0.69 ௟ܲ௟௠௔௫ 0.1 ߱ ଶܲ଴ 0.78 ௥ܲ௔௧௘ௗ 1.5 ߱ ସܲ଴ 0.98 ௙ܶ௩ 0.15 ߱ ଺ܲ଴ 1.12 ܭ௣௩ 18 ௠ܲ௜௡ 0.74 ܭூ௏ 5 ߱ ଵܲ଴଴ 1.2 ܺ௖ 0.05 VW 1.25 ிܶ௉ 0.05 H 4.95 ܭூ௉ 0.6 DAMP 0 ெܲ௑ 1.12 ܭ௔௘௥௢ 0.007 ெܲே 0.1 Theta2 21.98 ܳெ௑ 0.296 ܪ௧௙௥௔௖ 0.875 ܳெே -0.436 ܨݎ݁ݍଵ 1.8 ܫ ெܲ஺௑ 1.1 ܦ௦௛௔௙௧  1.5 ோܶ௏ 0.05 ௣ܶ 0.3 ܴ ெܲ௑ 0.45 ܭ௣௣ 150 ܴ ெܲே -0.45 ܭ௜௣ 25  ܶ?௉௢௪௘௥ 5 ܭ௣௖ 3 ܭ௤௜ 0 ܭ௜௖ 30 ெܸே஼௅ 0.9 TetaMn 0 ெܸ௑஼௅ 1.2 TetaMx 27 ܭ௤௩ 40 RTetaMx 10 ܺܫܳெே -0.5 ெܲ௑ 1 ܺܫܳெ௑ 0.4   
J+27 0.05   
